Figure 1. Polarized Protein Sorting in Epithelial Cells and Neurons
Proteins that occur at the apical surface of epithelial cells (blue) are often targeted to neuronal axons (blue), while proteins localized to the basolateral surface of epithelial cells (red) are typically polarized to neuronal dendrites and soma (red). A similar polarity may apply to presynaptic (blue) and postsynaptic (red) domains of neurites from C. elegans. A newly characterized protein complex containing LIN-10 and other PDZ proteins appears to mediate basolateral targeting of LET-23 RTK and postsynaptic sorting of GLR-1 in C. elegans. Whether LIN-10 also mediates synaptic clustering of glutamate receptors (GluR), N-methyl-D-aspartate receptors (NMDAR), or other proteins in vertebrate neurons is not clear. TJ, tight junction. identification of these targeting signals, little is known LIN-2 contains SH3 and guanylate kinase domains, similar to PSD-95, but also contains an N-terminal domain about the protein machinery that recognizes these sequences and mediates basolateral sorting. similar to calcium/calmodulin-dependent protein kinase. Initially, LIN-10 was reported to be a widely exSorting Epithelial Proteins: Lessons from Neurons Insights into fundamental mechanisms for protein tarpressed protein that lacked a PDZ domain or other features that might explain its role in basolateral targeting geting in diverse tissues have recently come from studies of protein recruitment to the synapse. Working indeof LET-23 (Kim and Horvitz, 1990) . However, new data indicates that the original identification of lin-10 was pendently, several groups simultaneously found that PDZ protein motifs mediate targeting of diverse proteins incorrect, and that the authentic lin-10 gene occurs nearby on the physical map. Interestingly, genuine LINto synaptic sites (Brenman et al., 1995; Kim et al., 1995; Kornau et al., 1995) . PDZ domains are multifunctional 10 is another PDZ protein and contains two such motifs together with a phosphotyrosine-binding domain (as protein-protein interaction motifs that often bind to specific sequences at the extreme C termini of target prodiscussed in Kaech et al., 1998 (Kaech et al., 1998) . As the geting to the neuromuscular junction (Tejedor et al., 1997) . In addition to targeting ion channels to the synfirst order of business, the authors show that the PDZ domain of LIN-7 (but not those of LIN-2 or LIN-10) binds apse, PDZ proteins often function as molecular scaffolds for signal transduction. This role is exemplified by to the tail of LET-23. This interaction comes as little surprise because LET-23 terminates in Thr-Cys-Leu, a INAD, a penta-PDZ protein that assembles a G proteincoupled signaling cascade in Drosophila photorecepsequence that might be predicted to bind the LIN-7 PDZ domain. However, the authors take advantage of genetic tors (Tsunoda et al., 1997) .
Although PDZ domains do not recognize either the tools in C. elegans to extend this biochemical observation and clearly show that binding to LIN-7 is essential tyrosine-based or dileucine motifs classically described for basolateral targeting in epithelial cells, recent studies for basolateral localization and function of LET-23 in vulval precursor cells. of vulval cell differentiation in C. elegans demonstrate that PDZ domains nonetheless mediate basolateral tarWhat about lin-2 and lin-10? Because mutations in these genes yield a phenotype similar to lin-7 mutations, geting (Simske et al., 1996) . Differentiation of vulval epithelial cells from pluripotent precursors is mediated by Kim and colleagues evaluated possible interactions among all three proteins. Interestingly, they find that LIN-3, an EGF-like paracrine signal secreted by the anchor cell on the basal side of the vulval precursor cells.
LIN-2 can bind to both LIN-10 and LIN-7 to form a ternary complex. Independent evidence of a role for the LIN-LIN-3 initiates vulval differentiation by activating LET-23, an EGF receptor tyrosine kinase (RTK)-like protein, 2/-7/-10 protein complex derives from rigorous biochemical studies by Sü dhof and colleagues. Sü dhof's localized to the basolateral surface of the vulval precursor cells. Activation of LET-23 mediates a classical Rasgroup previously identified CASK, the mammalian homolog of LIN-2, as a brain-enriched protein whose PDZ linked RTK signal transduction cascade resulting in MAP kinase activation and cellular differentiation. Mutations domain can bind the C terminus of neurexin (Hata et al., 1996) . In experiments described in this issue of Cell, of lin-3, let-23, or other genes that act directly in the RTK to MAP kinase pathway prevent differentiation and Sü dhof's group performed preparative immunoprecipitations of CASK from brain extracts and found that a yield a vulvaless phenotype. Genetic analysis of this pathway has served as a powerful tool for identification single protein, Mint1, occurs stoichiometrically with CASK (Butz et al., 1998) . Remarkably, Mint1 is a mammaof proteins that link RTK activation to MAP kinase and cellular differentiation. This pathway is now also proving lian homolog of LIN-10. Similar to the data from Kim's lab, Sü dhof's group shows that CASK (LIN-2) binds not to be useful for studies of basolateral protein sorting. Because LIN-3 is secreted on the basal side of the vulval only to both Mint1 (LIN-10) but also to Velis, vertebrate homologs of LIN-7 that are found in the EST database. precursor cells, this signal can only be received if LET-23 RTK is properly targeted to the basolateral surface Thus, the LIN-2/-7/-10 complex is conserved from worms to rats and is enriched in mammalian brain. As (Simske et al., 1996) . This requirement for polarized expression of LET-23 accounts for the phenotypes of lin-2, these three proteins all contain PDZ motifs, one might expect that these domains would mediate the binding lin-7, and lin-10 mutant worms. Mutations of these genes do not directly interfere with LET-23 RTK signal transinteractions that assemble the complex. Indeed, PDZ/ PDZ domain interactions mediate binding of neuronal duction, but disrupt basolateral targeting of LET-23 RTK in vulval precursor cells and thereby cause a vulvaless nitric oxide synthase to PSD-95 (Brenman et al., 1996) and assemble the INAD signaling complex (Xu et al., phenotype (as discussed in Kaech et al., 1998) .
Basolateral Sorting by a LIN-2/LIN-7/LIN-10
1998). However, biochemical studies of the LIN-2/-7/ -10 complex from both C. elegans and mammals demon- Although these studies clearly indicate that LIN-2/ the C terminus of GLR-1. Second, mutations of the PDZbinding consensus (Thr-Ala-Val) at the C terminus of -7/-10 regulate protein targeting, the biochemical mechanisms that mediate sorting by this complex remain GLR-1 do not disrupt postsynaptic targeting or function of GLR-1. Third, GLR-1 is postsynaptic in young lin-10 uncertain. A fundamental question is whether the LIN-2/ -7/-10 complex directly targets LET-23 to the basolateral mutant larvae and only becomes mislocalized in older larvae and adults (Rongo et al., 1998) . Becuase there membrane, or instead, if the complex selectively retains LET-23 at the basolateral membrane by preventing are multiple interpretations for each of these results, it remains important to identify physiological PDZ proteins transcytosis of LET-23 to the apical surface (Mostov and Cardone, 1995) . Determining the cellular localization that cooperate with LIN-10 in postsynaptic targeting of GLR-1. of the LIN-2/-7/-10 complex could help distinguish between these two mechanisms. Whereas LIN-7 colocalSorting out Functions for the LIN-2/-7/-10 Complex in Mammalian Brain izes with LET-23 at the basolateral membrane of vulval precursor cells (Simske et al., 1996) , the distribution of Unlike the postsynaptic role for LIN-10 in worms, the CASK (LIN-2)/Veli (LIN-7)/Mint1 (LIN-10) complex is pro-LIN-2 and LIN-10 in these cells remains unknown. In neurons, a large pool of LIN-10 occurs in perinuclear posed to function presynaptically in mammalian neurons (Butz et al., 1998) . This suggestion of a presynaptic structures resembling ER/Golgi (Rongo et al., 1998) , suggesting a possible role for LIN-10 in vesicle trafrole is based on the known binding partners for CASK and Mint1. As mentioned above, CASK was originally ficking. It will also be important to determine how the LIN-2/-7/-10 sorting mechanism interacts with the other identified as a binding partner for neurexin, which is thought to have a presynaptic role in regulating both basolateral pathways that recognize tyrosine-and dileucine-based cytosolic signals (Trowbridge et al., 1993;  synaptic adhesion and transmitter release. A presynaptic function for Mint1 is suggested by its interaction Matter et al., 1994) .
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with Munc18-1, a synaptic vesicle trafficking protein. In addition to its presynaptic roles in adhesion and vesicle Receptor Requires LIN-10 As the mammalian homologs of LIN-2/-7/-10 are extrafficking, the CASK/Veli/Mint1 complex may also serve related functions at postsynaptic and nonsynaptic sites. pressed primarily in brain (Butz et al., 1998) , it is surprising that mutations of these genes in C. elegans disrupt CASK, for instance, is concentrated at both pre-and postsynaptic sites in brain and binds to syndecan-2, a vulval development rather than cause primarily a neuronal phenotype. However, experiments by Kaplan and heparin sulfate proteoglycan (Cohen et al., 1998; Hsueh et al., 1998) . While the anatomical localization of Mint1 coworkers in this issue of Cell demonstrate that at least one protein in the complex, LIN-10, has a prominent
has not yet been analyzed in brain, a role in the ER/ Golgi is suggested by studies showing that Mint1 binds neuronal role in worms (Rongo et al., 1998) . These studies investigate the polarized sorting of GLR-1, a C. eleto and regulates processing of ␤-amyloid precursor protein (Borg et al., 1998) . As Mint1 is homologous to LINgans glutamate receptor. Like mammalian glutamate receptors, GLR-1 in C. elegans is clustered at postsynaptic 10 and can restore postsynaptic localization of GLR-1 in lin-10 mutants (Rongo et al., 1998) , it is tempting to sites and contains a C-terminal consensus (Thr-Ala-Val) for binding to PDZ proteins. Kaplan and colleagues first speculate that Mint1 might also regulate clustering of vertebrate glutamate receptors, which are known to bind ectopically express GLR-1 in vulval precursor epithelial cells and find it localizes to basolateral membranes in a to PDZ proteins at the synapse (Dong et al., 1997) . While many such interesting questions remain, these LIN-2/-7/-10-dependent manner. This polarized sorting nicely fits the model (Figure 1 ) that somatodendritic three papers establish that LIN-2/-7/-10 form an evolutionarily conserved protein complex and mediate funda-(postsynaptic) neuronal proteins often occur at the basolateral membrane of epithelial cells (Dotti and Simons, mental aspects of protein targeting in neurons and epithelial cells. Future genetic and biochemical studies of 1990). More importantly, they find that lin-10 mutations (but not lin-2 or lin-7 mutations) block postsynaptic tarthese proteins in both invertebrates and mammals promise to help sort out protein sorting. geting of GLR-1, implying that LIN-10 is a shared component of the polarized sorting pathway in neurons and Selected Reading epithelial cells. Furthermore, they find that lin-10 mutants have a behavioral defect characteristic of glr-1
